a Background and Aims. Modern stereotactic body radiotherapy (SBRT) techniques and systems that use online image guidance offer frameless radiotherapy of spinal tumors and the ability to control intrafraction motion during treatment. These systems allow precise alignment of the patient during the entire treatment session and react immediately to random changes in this alignment. Online tracking data provide information about intrafractional changes, and this information can be useful for designing treatment strategies even if online tracking is not being used. The present study evaluated spine motion during SBRT treatment to assess the risk of verifying patient alignment only prior to starting treatment. Methods. This study included 123 patients treated with spine SBRT. We analyzed different locations within the spine using system log files generated during treatment, which contain information about differences in the pretreatment reference spine positions by CT versus positions during SBRT treatment. The mean spine motion and intra/interfraction motion was evaluated. We defined and assessed the spine stability and spine significant shifts (SSHs) during treatment. Results. We analyzed 462 fractions. For the cervical (C) spine, the greatest shifts were in the anterior-posterior (AP) direction (2.48 mm) and in pitch rotation (1.75 deg). The thoracic (Th) spine showed the biggest shift in the AP direction (3.68 mm) and in roll rotation (1.66 deg). For the lumbar-sacral (LS) spine, the biggest shift was found for left-right (LR) translation (3.81 mm) and roll rotation (3.67 deg). No C spine case exceeded 1 mm/1 deg for interfraction variability, but 7 of 54 Th spine cases exceeded 1 mm interfraction variability for translations (maximum value, 2.5 mm in the AP direction). The interfraction variability for translations exceeded 1 mm in 2 of 24 LS spine cases (maximum value, 1.7 mm in the LR direction). Only 13% of cases had no SSHs. The mean times to SSH were 6.5±3.9 min, 8.1±5.9 min, and 8.8±7.1 min for the C, Th, and LS spine, respectively, and the mean recorded SSH values were 1.6±0.66, 1.43±0.33, and 1.46±0.47 mm/deg, respectively. Conclusion. Positional tracking during spine SBRT treatments revealed low mean translational and rotational shifts. Patient immobilization did not improve spine shifts compared with our results for the Th and LS spine without immobilization. For the most precise spine SBRT, we recommend checking the patient's position during treatment.
BACKGROUND
Stereotactic body radiotherapy (SBRT) requires high accuracy in order to deliver high doses of radiation to areas close to the organs at risk, i.e. the spinal cord and cauda equina. Higher single doses produce better clinical outcomes [1] [2] [3] , but both single and multifraction regimens are safe and efficacious in spine SBRT for spinal metastases 4 . SBRT of spine tumors is challenging because of the close relationship between the target tissue and the spinal cord, and possible errors during treatment, especially patient/target motion, must be minimized. Radiation myelopathy manifests clinically as slowly progressing severe sensorimotor impairment that can include paraplegia and quadriplegia. The latency period for the onset of myelopathy is typically 6 months, but it can occur up to 20 months after radiation therapy. Although this toxicity is rare, the consequences to the patient are devastating 5 .
SBRT treatments can have longer treatment times than conventional treatments and use steep dose gradients. Therefore, the dose that is delivered to the spinal cord can be greatly affected by even small movements of the patient and thus of related spinal structures, as shown in previous studies [6] [7] [8] [9] . Modern SBRT techniques and systems that use online image guidance offer frameless radiotherapy of spinal tumors and the ability to control intrafraction motion during treatment. These systems allow precise alignment of the patient during the entire treatment session and react immediately to random changes in this alignment 10 . Online tracking data provide information about intrafractional changes, and this information can be useful for designing treatment strategies even if online tracking is not being used. The present study evaluated spine motion during SBRT treatment to assess the risk of verifying patient alignment only prior to starting treatment.
METHODS
This study included 123 patients who were treated with spine SBRT in 1, 3, or 5 fractions. The data were from all regions of the spine: 36 cases of SBRT of the cervical region (C spine), 58 cases of SBRT of the thoracic region (Th spine), and 29 cases of SBRT of the lumbar-sacral region (LS spine). We used the CyberKnife ® system and Xsight™ spine tracking technology. This methodology has been described in detail previously [11] [12] [13] and has sub-millimeter translational accuracy 10, 14 . In brief, the CyberKnife ® system uses two X-ray sources to obtain orthogonal live images of spine structures, which are then compared with a pair of digitally reconstructed radiographs (DRRs) that are generated from the planning CT. Three to four adjacent vertebrae are usually included in the grid, which is matched in the reference DRRs and live images. The grid nodes are then compared, and the displacement of the target is computed from two 2D displacement fields 12 . Interpolation allows the calculation of 3D displacement and rotation.
Live images were taken every 60 s after successful patient alignment relative to the reference DRRs. All treatments began only after the differences between the reference spinal positions and the actual spine positions in the region of interest differed by less than 1 mm and by less than 1 deg. Notably, information about the difference between the spine position on DRRs and on live images is saved in the system log files. Translations in the superior-inferior (SI), left-right (LR), and anteriorposterior (AP) directions and rotations are called yaw (clockwise/counterclockwise), pitch (head up/down), and roll, respectively, and were evaluated using the log files. The treatment system distinguishes the directions of movement based on positive and negative signs. Thus, positive (+) values indicate that the spine position is more superior, right, posterior, clockwise, head down, or rolled left than on the reference DRR image. The following parameters were defined to describe spine motion during SBRT treatment.
Spine stability
To evaluate intrafractional motion, we defined "spine stability" as the mean absolute difference between translations/rotations that were recorded at the start of treatment versus translations/rotations recorded after each image acquisition. If treatment was interrupted for some reason (for example, if the patient moved), a new starting position was recorded and used for subsequent comparisons.
Interfraction motion
Interfraction variability was defined as the standard deviation (SD) of the mean spine translation or rotation over the entire treatment session.
Spine significant shift (SSH)
For this parameter, we recorded the time from the start of the treatment until the time at which the tracking area suddenly shifted more than 1 mm or 1 deg in any direction. We considered 1 mm or 1 deg to be an SSH relative to the planned target coverage, in agreement with Chuang et al. 6 .
RESULTS
A total of 462 fractions were analyzed, and the mean treatment time was 30 min (range 15-47 min). Table 1 shows the translations and rotations of the C, Th, and LS regions of the spine. The mean values were very low because of compensatory spine movements i.e. superior and inferior movements, left and right movements, etc.
The C spine showed the highest shifts in pitch rotation (range -0.91-1.04 deg; head up to head down). The Th spine structures showed the highest AP translations during treatment (range -2.1-5.6; anterior to posterior). The LS spine showed the highest inferior translations (max -3.4 mm) and LR translations (range -2.1-2.8; left to right)
Interfraction variability
For the 111 patients whose treatment involved more than 1 fraction, the interfraction spine motion was evaluated as the SD of the mean spine translation or rotation between fractions. The interfraction variability was less than 1 mm or 1 deg for all of the C spine cases. The interfraction variability for translations was greater than 1 mm in 7 out of 54 Th spine cases, and it showed a maximum value of 2.5 mm in the AP direction. The interfraction variability for translations was greater than 1 mm in 2 out of 24 LS spine cases, with a maximum value of 1.7 mm in the LR direction.
Spine stability
Spine stability describes the rate of translation and rotation during treatment relative to the first alignment of the patient or relative to the next alignment if treatment was interrupted and the patient was realigned. All of the For the C spine, we observed the maximum shifts in the AP direction (2.48 mm) and in pitch rotation (1.75 deg). The Th spine showed the biggest shift in the AP direction (3.68 mm) and in roll rotation (1.66 deg). For the LS spine, we detected the biggest shift in LR translation (3.81 mm) and in roll rotation (3.67 deg). Fig. 1 show the number of relevant shifts for the C, Th, and LS spine, respectively, in 3 translation and 3 rotation directions.
SSH
We set the threshold for SSH at 1 mm (translation) or 1 degree (rotation) from the start of treatment and evaluated the time at which the threshold was exceeded. Spine position was recorded according to imaging frequency, which was every 60 s. We only evaluated the first fraction for each patient. Just 16 (13%) of the 123 spine cases did not exceed SSH during delivery of the entire fraction (range 13-39 min). The mean time to SSH was 6.5±3.9 min (range 1-17 min), 8.1±5.9 min (range 1-23 min), and 8.8±7.1 min (range 1-25 min) for the C, Th, and LS spine, respectively. The mean recorded SSH was 1.6±0.66, 1.43±0.33 and 1.46±0.47 mm/deg for the C, Th, and LS spine respectively. Figure 3 shows the frequency of shifts that exceeded the 1 mm/deg threshold. The number of shifts was recalculated as a percentage to compare C, Th, and LS groups using the same scale. The Th spine had the most SSHs in the LR direction, and the LS spine had the most SSHs in the SI direction.
DISCUSSION
Stereotactic irradiation is a safe and effective treatment option for tumors of the spine and spinal cord 15 . Treatment accuracy is very important in order to deliver high doses of radiation only to the target region, which is near critical structures, such as the spinal cord. The CyberKnife® system allows periodic monitoring of the spine during treatment. Patient movement is monitored, recorded, and compensated for by adjusting the beam direction via the robotic arm holding the linear accelerator. Treatment data allow the spine motion to be evaluated in the area that is being treated throughout the entire treatment, and these data can be a good source of information when periodic monitoring is not possible.
The primary aims of this study were to evaluate spine motion in different spine locations in a large sample of cases during SBRT and to evaluate the time at which SSH occurred. Even a small movemet during SBRT can significantly affect the dose that is delivered to the spinal cord [6] [7] [8] [9] . We evaluated both translational and rotational movement, since cases in which the target is close to the spinal cord can benefit from corrections in rotation 16 . Here we used thermoplastic head fixation for all C spine cases; all other treatments were performed without special fixation with the patient lying on a soft pad that was comfortable but that did not fix the patient´s body in a particular position.
The mean spine motion value during treatment was very low (<1 mm or 1 deg in all cases), which is in agreement with previous studies [17] [18] [19] [20] . This mean value did not reflect "real" motion because of compensatory spine movements i.e. superior and inferior, left and right, etc.; that is, averaging the results gave a net result that was close to zero. To better describe possible spine motion during SBRT, we defined spine stability as the mean absolute difference between translations/rotations recorded at the start of the treatment versus translations/rotations recorded after each image acquisition. Only the mean value for the Th spine in the LR direction exceeded 1 mm. Hyde et al. 17 also reported that the highest number of positioning errors were in the LR direction, although their study did not distinguish between spine regions. Our mean spine motion values were low, although larger individual shifts were detected, with maximum values in the LS spine (3.81 mm for LR translation and 3.67 deg for roll rotation). Interestingly, Jin et al. 21 reported lower mean values for intrafraction translational motion and rotational motion but higher SD values. This may indicate that their patients showed higher random shifts in positions compared to the patients in our study. All of our patients were not immobilized during treatment, and our results are in agreement with those of Hoogeman et al. 22 , who found that patient immobilization does not guarantee that patient movement is less than several millimeters.
The overall interfraction variability was low in our study, with just 13% of Th spine cases and 8% of LS spine cases exceeding 1 mm interfraction variability for translational motion. C spine cases had the lowest translation interfraction variability, which may be because thermoplastic head fixation was used during treatment for C spine cases. Obviously the difference is not clinicaly significant (Table 2) . We also evaluated SSH based on a 1 mm/1 deg threshold and found that 87% of the cases exceeded the SSH threshold during the treatment. Murphy et al. 20 reported that 58% of their cases had at least one translational shift of more than 2 mm. The maximum time without detection of SSH was 39 min in our study; Hyde et al. reported that patients remained within a tolerance range of 1 mm/1 deg for an average of 33±15 min (ref. 17 ). The mean time to SSH was longer than 6 min in all Table 2 . Interfraction spine variability for translations and rotations during SBRT treatment in the cervical (C), thoracic (Th) and lumbar-sacral (LS) regions of the spine. Values are reported as means ± standard deviations. SI = superior-inferior; LR = left-right; AP = anterior-posterior.
spine segments, giving a probable motion of less than 0.17 mm/min. Kim et al. 23 evaluated the intra-treatment spinal motion pre-, mid-and post-treatment for cone beam CT (CBCT) and reported the potential magnitude of motion per unit time as 0.15 mm/min, which is in agreement with our results. Fig. 3 shows the relative number of SSHs for the C, Th, and LS spine. The C spine had a similar number of SSHs for all translations and rotations, except for the SI direction, in which no SSH was detected. Ma et al. 13 showed that the C spine is unique in that is has intrafractional variations along all six degrees of freedom. In contrast, the Th spine and the LS spine had the majority of SSHs in the LR direction and the SI direction, respectively.
In this study, we evaluated the motion of different spine structures during SBRT. To best of our knowledge, this is the largest patient sample to be evaluated this way using online tracking. We evaluated the most common parameters describing spine shifts. Moreover SSH was based on a strict 1 mm/1 deg threshold which is more reasonable for precise SBRT than higher threshold published in past. Our patients had no fixation system except for C spine cases, which used a thermoplastic mask. The results demonstrate that spine position changes with time, and we agree with Hoogeman et al. 22 that the patient slowly drifts away from the initial position during treatment.
CONCLUSION
In conclusion, online tracking of spine movement during spine SBRT treatments revealed low mean translational and rotational shifts. Patient immobilization did not improve spine shifts in the C spine compared to results in the Th and LS spine, for which fixation was not used. To obtain the most precise results with spine SBRT, we recommend checking the patient's position during treatment and keeping the treatment time short to prevent significant shifts in the spine. We detected the largest number of significant shifts in the LR and SI directions for the Th and LS spine.
ABBREVIATIONS
AP, Anterior -posterior; C, Cervical (spine); CBCT, Cone beam CT; DRR, Digitally reconstructed radiograph; LR, Left-right; LS, Lumbar-sacral (spine); SBRT, Stereotactic body radiotherapy; SD, Standard deviation; SI, Superior-inferior; SSH, Spine significant shift; Th, Thoracic (spine).
